Here we report the synthesis, structure, and optical properties of ca. 100 nm star-shaped gold nanoparticles. Single particle spectroscopy measurements revealed that these nanoparticles have multiple plasmon resonances resulting in polarization-dependent scattering with multiple spectral peaks, which correspond to the different tips on the star-shaped structure. The plasmon resonances were also found to be extremely sensitive to the local dielectric environment.
The size-and shape-dependent physical properties of inorganic nanoparticles provide tunable materials with broad potential applications, 1 and the fabrication of structurally complex nanoparticles further enhances their functionality. For example, the synthesis of semiconductor nanowires with core/shell heterostructures creates electronic junctions within the nanowire that can act as tunable nanophotonic lightemitting diodes. 2 The synthesis of branched quantum dots 3 could enable studies of entangled quantum states and quantum information processing within individual nanoparticles. 4 Metallic nanoparticles also benefit from the formation of complex structures. Magnetic "barcode" nanowires that contain periodic domains of NiFe/Cu 5 and Pt/Cu 6 offer tunable magnetic properties. Noble metal nanoparticles exhibit localized surface plasmon resonances resulting in strong optical extinction at visible wavelengths. The localized surface plasmon resonance (LSPR) enables applications including biological and chemical sensing, [7] [8] [9] biological imaging labels, [10] [11] [12] and nanoscale optical waveguides. 13 The formation of more complex metal nanostructures, such as metallodielectric gold nanoshells 14 and gold nanocages, 15 shifts the LSPR resonance to the near-infrared (NIR) enabling significant diagnostic and therapeutic biomedical applications. 16, 17 Here we describe the synthesis and optical properties of branched star-shaped gold nanoparticles which incorporate polarization-dependent scattering with multiple spectral peaks and strong dielectric sensitivity into a single structure.
Due to the symmetric face-centered cubic lattice of gold nanoparticles, the formation of anisotropic structures requires a selective capping agent during growth. For example, roomtemperature synthesis of gold nanorods with 97% yield has recently been demonstrated by seed-mediated growth directed by the surfactant cetyltrimethylammonium bromide (CTAB), 18, 19 and the process can be scaled up to 100 mL batches. 20 In addition to nanorods, a variety of anisotropic gold nanoparticle shapes, including cubes, prisms, and branched nanoparticles, can be fabricated using surfactants [21] [22] [23] or other capping agents. 24 In seed-mediated, surfactantdirected nanorod growth, surfactant-stabilized seed nanoparticles are synthesized through the reduction of gold chloride by sodium borohydride and then added to a gold chloride growth solution that also contains surfactant. We have found that when the surfactant-stabilized seed is replaced by a commercially available colloid (10 nm diameter gold colloid, Ted Pella), ca. 100 nm star-shaped gold nanoparticles are formed under the exact growth conditions that normally produce gold nanorods (see Supporting Information for details). Figure 1A displays a scanning electron microscopy (SEM) image of these gold "nanostars" deposited on a silicon substrate. These nanoparticles are distinct from those previously reported due to their relatively small size and complex three-dimensional structure. [21] [22] [23] [24] The bright points on the nanostars in the SEM image are tips pointing normal to the plane of the figure as confirmed by sample tilting (see Supporting Information). We have evaluated the yield of nanostar synthesis through SEM analysis of hundreds of particles. For each particle, the number of tips was counted, such that zero tips correspond to a spherical nanoparticle, and one, two, three, four, five, or six tips correspond to increasingly complex nanostars. During this analysis, we found a significant fraction of nanostars with small or poorly formed tips. We suspect these particles will not have the optical properties described below, so we counted them separately and refer to them simply as nanoparticles. Histograms of this yield analysis for a typical preparation with representative images are given in Figure  2B . Note that the analysis undercounts the number of tips on the nanostars since not all tips will be visible in the SEM images. For nanostar synthesis with commercial colloid seed, the yield of well-formed nanostars with at least three tips was about 14% of the particles.
We find the gold nanostar synthesis with commercial seed to be quite reproducible, having been successful with colloid from three separate shipments. However, the unknown surface chemistry of commercial nanoparticles makes it difficult to unravel the growth mechanism and guarantee future reproducibility. We have therefore developed a gold nanostar synthesis protocol from standard chemicals (see Supporting Information) that is also based on gold nanorod synthesis, 18, 19 but with an altered order of reactant mixing and the addition of NaOH. This method reproducibly synthesizes well-formed nanostars at 9% yield as defined above. The detailed yield data are shown in Figure 2A .
A transmission electron microscopy (TEM) image of a well-formed nanostar is presented in Figure 1B , where selected area electron diffraction (SAED) of that individual nanoparticle demonstrates that it consists of multiple crystal domains. Careful examination of Figure 1B reveals what appear to be twin defects along the nanostar tips (see the high-resolution figure in the Supporting Information). These defects are similar to those found in gold nanorods, where poor CTAB binding to twin defects is thought to be a source of growth anisotropy. 25, 26 Since nanostar and nanorod growth are both directed by CTAB surfactant, it follows that the nanostar tips may also grow due to poor CTAB binding. The nucleation of growth anisotropy at multiple sites on the nanostars could be due to a high defect density caused by rapid growth for both gold nanostar synthesis procedures. The commercial nanoparticle seeds may stimulate rapid growth due to their relatively unprotected surface chemistry compared to the surfactant-stabilized seed nanoparticles which produce gold nanorods. 18, 19 The addition of NaOH to the nanorod synthesis method may also lead to more rapid growth due to forced reduction of gold ions. 21 The detailed mechanism of surfactant-directed growth of gold nanoparticles is under active investigation. [27] [28] [29] [30] Although the gold nanostar samples have marked structural heterogeneity, their extinction spectra exhibit broad yet welldefined peaks in the visible and NIR, as seen in Figure 1C . It has been well established theoretically and experimentally that elongated gold and silver nanoparticles feature a longitudinal plasmon resonance that red shifts from ca. 520 nm (the value for spherical gold nanoparticles) by an amount proportional to their aspect ratio. 31, 32 For example, gold nanorods with an aspect ratio of 3.3 (50 nm length by 15 nm diameter) have a plasmon resonance at 755 nm in water. 20 The peak centered at 773 nm in Figure 1C is likely a similar longitudinal plasmon resonance due to the elongated tip structure of the nanostars. The 586 nm peak could represent the transverse plasmon resonance of the tips, which is also seen for gold nanorods, or the presence of large or slightly asymmetric spherical colloids in the solution.
Detailed characterization of the optical properties of complex, heterogeneous nanoparticles such as gold nanostars is best accomplished by single particle spectroscopy. [33] [34] [35] [36] [37] [38] [39] [40] [41] The measurements presented here were carried out with dark field microscopy using both epi-illumination (0.9 NA, Figures 3  and 4 ) and transmitted light (0.75 NA oil immersion, Figures  5 and 6 ), a halogen light source, and an inverted optical microscope (Axiovert 200, Zeiss). The images of single nanoparticles were placed at the entrance of an imaging spectrometer (SpectraPro 150, Acton Research), and the spectra were detected with a thermoelectrically cooled CCD camera (PhotonMax 512, Roper Scientific). The spectra were normalized for spectral efficiency with a white reflectance standard (Edmund Industrial Optics). Note that single particle spectra recorded in this way represent only the scattering spectrum, rather than scattering plus absorption as for extinction measurements. Although the image in the optical microscope may have several diffraction limited spots, one cannot determine that each spot represents a single gold nanoparticle by optical imaging alone. 33 We have therefore deposited the nanostars onto substrates with alignment marks created by evaporation through an enumerated TEM grid. This allows simultaneous optical and electron microscopic characterization to confirm that the spectra are recorded from a single nanoparticle and to reveal its detailed structure. Parts A and B of Figure 3 demonstrate this alignment (highresolution figures are available in the Supporting Information). Figure 3D presents the scattering spectrum for the gold nanostar shown in Figure 3C . The spectrum consists of three sharp peaks at 647, 700, and 783 nm. Their positions and relative strengths suggest that the broad NIR peak in the extinction spectrum of the nanostar solution ( Figure 1C ) is a sum of several sharper peaks, as one would expect from a heterogeneous sample.
If the spectral peaks in Figure 3D are viewed as longitudinal plasmon resonances of the nanostar tips, with distinct resonant wavelengths due to the variable tip structure, one would expect each peak to be polarized at a different angle. To test this hypothesis, an analyzer was placed under the objective to determine the polarization dependence of the scattered light. As the analyzer rotates, different peaks grow and diminish, as illustrated in Figure 3E . Thirty six spectra at varying analyzer angles were recorded and fit to characterize the multiple peaks in each spectrum. The peak heights follow cos(Θ) dependences with analyzer angle (Figure 3F ), demonstrating that the scattered light is linearly polarized at a distinct angle for each peak and is in good agreement with the polarization dependence of the longitudinal resonance of gold nanorods. 34 The polarization-dependent spectra for four more nanostars, along with their high-resolution structure, are presented in Figure 4 , revealing similar multispectral polarized light scattering. Lines have been added to the SEM images that represent the polarization angle in order to assign spectral peaks to specific tips. Interestingly, the angle often matches the edge of a nanostar tip rather than a bisector to the tip. All tips for each nanostar are not represented in the spectrum due to several factors. First, if multiple peaks are at a similar wavelength, their angular separation is difficult to resolve due to significant spectral overlap. For example, three peaks were identified for the complicated nanostar in Figure 3D , yet none could be resolved into a simple cos(Θ) dependence. Also, the small peak at 647 nm of Figure 2D could be seen at some analyzer angles but was usually lost in the larger 700 nm peak and could not be tracked. Second, some of the peaks could be beyond the range of the detector (1000 nm) or the wavelength at which the analyzer provides good polarization contrast (900 nm). Finally, these nanostars are three-dimensional objects. The orientation of the tips relative to the plane of observation will affect how efficiently they are excited and how efficiently their scattering is Figure 5 . Gold nanostar dielectric shifts in water and sucrose. The top panels show dark field microscopy images of a field of nanostars which were taken from water, to sucrose, to water, and back again to sucrose. The bottom panel shows spectra of each particle in all four experiments. Note that the spectra of the three nanostars that do not translate are reproducible (C, E, and H) while the spectra of one that does translate, and presumably rotates, is not (D). collected in a dark field imaging geometry. The smaller peaks in the spectrum in Figure 3D are likely due to such out-ofplane tips. The spectrum for a spherical 100 nm gold colloid recorded under the exact same conditions is also plotted for reference to demonstrate that the small peaks in the nanostar spectra are not noise or an artifact of the measurement.
We have investigated the sensitivity of the gold nanostar resonances to the dielectric environment by measuring their scattering spectra in water (n ) 1.33), sucrose (n ) 1.38), and immersion oil (n ) 1.515). These LSPR shifts, usually reported in eV/RIU (shift in photon energy per change in refractive index unit), help quantify their applicability as biological and chemical LSPR sensors. 8, 9 LSPR shifts have been determined for gold nanospheres, 42 silver triangles fabricated by nanosphere lithography, 32 single silver nanoparticles, 41, 43, 44 and gold nanoshells 45, 46 with values ranging from 500 to 800 meV/RIU. LSPR shift measurements on gold nanostars can be complicated due to their threedimensional structure and multiple scattering peaks. If the nanostar were to rotate upon wetting or drying due to meniscus forces, an observed shift could be due to the alignment of a different tip with the microscope objective, rather than a true LSPR shift due to the altered dielectric environment. We first checked for this rotation effect by confirming the LSPR shift and monitoring the position of the nanoparticle upon several changes of solution. Figure 5 shows LSPR spectra and images for four nanostars in a field in water, then sucrose, then water, then sucrose. The substrate was dried between each measurement. The three nanostars that show no translation (C, E, and H) have reproducible spectra. However, the nanostar that does translate, and therefore likely rotates, has nonreproducible spectra with no consistent shift. Figure 6 shows LSPR shifts for two nanostars from water to oil. Neither of these nanostars translates, suggesting no rotation. Additional evidence for a lack of rotation is found in the consistent spectral shape of the LSPR in both media. The Lorentzian fits in Figure 6 indicate dielectric sensitivities of 649 meV/RIU and 1410 meV/RIU for the individual gold nanostars. It has been recently suggested that the spectral line width should also be considered when evaluating nanoparticles for LSPR sensing since it will affect the minimum shift that can be detected in a measurement. A figure of merit is therefore calculated which is simply the dielectric sensitivity described above divided by the line width of the plasmon resonance in eV. 43 The Lorentzian fits in Figure 6 have line widths of 0.17 and 0.13 eV, respectively. The figures of merit for the particles in Figure 6 are 3.8 and 10.7, respectively, the latter value being a factor of 2 higher than that previously observed for any other nanoparticle due to its high dielectric sensitivity.
The optical properties described above for gold nanostars provide enhanced functionality for several biological applications of noble metal nanostructures. Due to their bright, stable scattering signal, metallic nanoparticles are being pursued as labels for microscopic imaging. 10 Anisotropic nanoparticles, such as gold nanorods, can reveal twodimensional nanoscale orientation through analysis of their polarized scattering, which could have significant applications for biological and materials research. 11 The gold nanostars described here provide a multispectral signal from a single nanoparticle that could be used to detect threedimensional orientation by exploiting their multidirectional polarized scattering. In addition, the very strong dielectric sensitivity and sharp NIR resonances make these nanoparticles ideal substrates for LSPR sensors, a powerful yet simple biomedical sensing platform for the detection of low level analytes. 9 , 47 These results demonstrate that progress in the synthesis of structurally complex noble metal nanoparticles will lead to enhanced properties and novel applications, as it has for semiconductor and magnetic nanomaterials.
